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Major barriers separating the blood from tissue compartments in the body are composed of endothelial cells. 
Interaction of bacteria with such barriers defines the course of invasive infections, and meningitis has served 
as a model system to study endothelial cell injury. Here we report the impressive ability of Streptococcus pneu-
moniae, clinically one of the most important pathogens, to induce 2 morphologically distinct forms of pro-
grammed cell death (PCD) in brain-derived endothelial cells. Pneumococci and the major cytotoxins H202 
and pneumolysin induce apoptosis-like PCD independent of TLR2 and TLR4. On the other hand, pneumo-
coccal cell wall, a major proinflammatory component, causes caspase-driven classical apoptosis that is medi-
ated through TLR2. These findings broaden the scope of bacterial-induced PCD, link these effects to innate 
immune TLRs, and provide insight into the acute and persistent phases of damage during meningitis.

Introduction
Endothelial cells separate the blood from tissue compartments 
and form major barriers in the lung, kidney, liver, and brain. 
The blood-brain barrier (BBB) is of particular importance and is 
formed by a complex cellular network of endothelial cells, astro-
glia, pericytes, perivascular macrophages, and a basal lamina (1). 
Capillary endothelial cells are (a) a major cellular substrate of the 
BBB; (b) a potential site of entry for bacteria into the brain (2); 
(c) a source of inflammatory mediators (3); (d) participants in the 
inflammatory recruitment of leukocytes (3, 4); and (e) a critical 
part of the neural stem cell niche (5). The BBB is functionally (6) 
and structurally (7) injured in meningitis and in encephalopathy 
as a manifestation of sepsis in the brain (8).

There is increasing evidence that multiple types of programmed 
cell death (PCD) play a central role in the complex balance among 
invading bacteria, the immune system, and host cells leading to 
inflammation and tissue damage in infections (9–12). Apoptosis 
is characterized by the typical morphological changes of nuclear 
chromatin condensation and complete nuclear fragmentation 
(13). Usually caspases, in particular caspase-3, are activated. A sec-
ond form of cell death, apoptosis-like PCD, is associated with con-
densation and incomplete fragmentation of chromatin, absence of 
caspase activation, and release of apoptosis-inducing factor (AIF) 
(14). While numerous reports describe the ability of bacteria to 
induce classical apoptosis, the participation of bacteria in more 
broadly defined PCD has not been well studied.

Evidence in animal models of meningitis suggests that signifi-
cant neuronal injury arises from more than classical apoptosis 
alone (15). In experimental meningitis, inhibition of caspase activ-
ity only reduces the number of apoptotic neurons in the dentate 

gyrus of the hippocampus by about 50% (16). Pneumolysin and 
H2O2 have been identified as neurotoxins (17, 18) that drive cell 
death independent of caspase activation, most likely executed via 
AIF (18). Evidence in immature dendritic cells also indicates that 
intact pneumococci induce apoptosis in both a caspase-depen-
dent and -independent fashion (10). We sought to map in detail a 
broader range of cell death relevant to bacterial injury of the BBB.

Streptococcus pneumoniae is the major pathogen causing commu-
nity-acquired bacterial meningitis in children and adults (19). Sur-
prisingly devastating, especially in the context of modern antibiot-
ics, is the 34% mortality and the 52% morbidity of pneumococcal 
meningitis (20). One of the determining events in the course of the 
disease is damage of the BBB and the blood-CSF barrier (7). Men-
ingitis is typically preceded by sustained bacteremia, and pneumo-
cocci localize to and cross the BBB into the subarachnoidal space 
(2). Thus, bacterial challenge of BBB cells in vitro is a clinically 
relevant, experimentally accessible model for the study of multiple 
PCD events during infection.

During meningitis, bacteria multiply in the subarachnoidal 
space but do not invade brain parenchyma until the end stage of 
disease. Thus, while bacteria do not directly contact neurons, they 
have intense contact with cells of the BBB and the blood-CSF bar-
rier (21). Bacteria can damage endothelial cells during invasion (2) 
or kill at a distance by secreted toxins (17). In addition to cytotox-
ins, the pneumococcal cell wall (PCW), consisting of a multilay-
ered network of peptidoglycan with attached teichoic acid, is also 
highly inflammatory (22–24). Phosphorylcholine on the PCW is 
recognized by C-reactive protein (25) and platelet-activating factor 
(PAF) receptor (26). PCW are constantly released by living bacteria 
and massively liberated after the use of cell wall–active antibiotics 
(27). Purified PCW induces meningeal inflammation in different 
animal models indistinguishable from meningitis caused by living 
bacteria in the early phase of the disease (23, 28). The clinical out-
come of pneumococcal meningitis correlates with the concentra-
tion of PCW in the CSF (29). Thus, it is of clinical importance to 
understand not only the ability of intact bacteria to interact with 
PCD pathways, but also the activities of cell walls that persist at 
the site of infection long after bacteria are killed. We found that 
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living pneumococci and PCW induces PCD in brain microvascu-
lar endothelial cells (BMECs) by 2 distinct mechanisms that occur 
over different time frames.

Results
Pneumococci and PCW induce apoptosis in BMECs. During disease, 
BBB cells are exposed to pneumococci and PCW, with PCW 

persisting at the site of infection well beyond the 
period of bacterial viability (29). To assess direct 
cytotoxic effects of pneumococci and PCW, we 
exposed primary BMECs to living bacteria (D39; 
106, 107 and 108 CFU/ml) or PCW (equivalent of 
106, 107, 108 and 109 CFU/ml) at concentrations 
relevant for human bacterial meningitis. Both liv-
ing pneumococci and PCW induced morphologic 
and biochemical signs of apoptosis, such as cell 
shrinkage, condensation of nuclei, and the appear-
ance of TUNEL in stained BMECs (Figure 1, A–E). 
In a mouse model of experimental meningitis, 
we found 0–2 cells per screened section showing 
nuclear fragmentation in the vessel wall of capillar-
ies of the neuropil (Figure 1F) and/or in the plexus 
choroideus in mice challenged intrathecally with 
pneumococci (104 CFU D39, 24 hours), whereas in 
sham-operated controls, we were not able to detect 
comparable endothelial cells (P < 0.05; χ2 test).

However, electron microscopy indicated differ-
ences between the 2 events (Figure 1, G–I). Living 
pneumococci caused an incomplete, lumpy chro-

matin condensation (Figure 1H), whereas PCW induced a more 
advanced chromatin condensation, nuclear fragmentation, and 
formation of apoptotic bodies (Figure 1, E and I). Longer exposure 
(9 hours) to pneumococci caused the same morphological chang-
es. Exposure to living bacteria (D39, 107 and 108 CFU/ml) induced 
a rapid onset of apoptosis that reached a maximum of more than 
80% of BMECs within 12 hours (Figure 1J), and no cells survived 

Figure 1
Pneumococci and PCW trigger PCD in BMECs. (A 
and C) Unchallenged BMECs. Living pneumococci 
(R6, 107 CFU/ml, 12 hours) induced the appearance 
of TUNEL-positive BMECs (B) and shrinkage and con-
densation of the nuclei by ethidium bromide/acridine 
orange staining (D). (E) BMECs incubated with PCW 
(107 CFU equivalents, 72 hours) underwent shrink-
age, condensation, and fragmentation of the nuclei 
by ethidium bromide/acridine orange staining. Arrows 
indicate apoptotic bodies. (F) Pneumococci (D39) 
induced nuclear fragmentation (arrow) in endothelial 
cells of the vessel wall of capillaries in experimental 
mouse meningitis. (G) Electron microscopy showed 
a normal nucleus in the control culture. (H) Shrink-
age and condensation of the nucleus occurred after 
challenge with living pneumococci (R6, 107 CFU/ml, 4 
hours). (I) Nuclear fragmentation characterized PCD 
by PCW (107 CFU equivalents, 72 hours). Scale bars: 
10 μm (A–F) and 1 μm (G–I). (J) Pneumococci (D39) 
caused dose- and time-dependent PCD in BMECs. No 
BMECs survived 18 hours after pneumococcal chal-
lenge. Co, control; n.d., not done. (K) PCW triggered 
a dose- and time-dependent protracted PCD. (L) The 
absence of 1 toxin, either pneumolysin (plnA–) or H2O2 
(spxB–), did not prevent PCD compared with wild-type 
D39. Absence of both toxins significantly decreased 
PCD. Addition of catalase (Cat; 1,250 U/ml) to plnA– 
resulted in only a minor enhancement of protection of 
BMECs compared with plnA–spxB– after 12 hours. All 
data are presented as mean ± SD. *P < 0.05 (ANOVA 
and Student-Newman-Keuls test).
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past 18 hours. In contrast, PCW-induced cell death occurred much 
later, with a maximum at 72 hours (Figure 1K), and when the PCW 
concentration was increased to 109 CFU/ml, the effect was similar 
to that of 108 CFU/ml PCW. Thus, while direct exposure of BMECs 
to living pneumococci or to PCW triggered apoptosis, the process-
es were strikingly different in morphology and time course.

Toxins secreted by living pneumococci cause apoptosis (17). 
Pneumococcal single mutants deficient in pneumolysin or H2O2 
induced PCD of BMECs as efficiently as did the wild type. Only 
the absence of both toxins drastically decreased cell death of 
BMECs (Figure 1L). To eliminate a potential confounding effect 
of H2O2 produced by BMECs on pneumococcal-induced apop-
tosis, we added catalase to the culture. Apoptosis induced by the 
H2O2-producing pneumolysin-negative mutant strain (plnA–) in 
the presence of catalase was only slightly lower than the double 
mutant (Figure 1L), which indicates that pneumococci are the 
major source of H2O2 and that there is only a minor contribution 
of oxidative products released by the BMECs themselves.

PCW but not living pneumococci activates caspases. To determine 
whether apoptosis caused by pneumococci or PCW was associ-
ated with caspase activation, we measured the activity of caspases 
1–9. The exposure of BMECs to staurosporine, a strong inducer 
of apoptosis, activated all caspases tested (examples shown in Fig-
ure 2, A and C). Living pneumococci failed to activate all caspases 
measured in BMECs (examples shown in Figure 2, A and C). In 
contrast, PCW exposure led to the activation of caspase-3, with 
a maximum activity seen between 28 and 34 hours after stimula-
tion (Figure 2B). The activation of the upstream caspase-8 (Figure 
2D; staurosporine: 0.38 ± 0.08 nmol 7-amino-4-trifluoromethyl 
coumarin [AFC]/mg protein) and to a lesser extent caspase-9 fol-
lowed a similar time course (control vs. PCW: 6 hours, 0.02 ± 0.02 
vs. 0.01 ± 0.01 nmol AFC/mg protein; 28 hours, 0.02 ± 0.01 vs. 
0.22 ± 0.15 nmol AFC/mg protein, P = 0.001; 34 hours, 0.01 ± 0.01 
vs. 0.27 ± 0.12 nmol AFC/mg protein, P = 0.001). Caspase-2, -6, 
and -7 (data not shown), but, surprisingly, not caspase-1 (control 
vs. PCW: 6 hours, 0.06 ± 0.03 vs. 0.04 ± 0.03 nmol AFC/mg pro-
tein; 28 hours, 0.04 ± 0.01 vs. 0.05 ± 0.02 nmol AFC/mg protein; 
34 hours, 0.00 ± 0.05 vs. 0.04 ± 0.01 nmol AFC/mg protein), were 
also activated by PCW. PCW, but not pneumococci, led to the 
rapid cleavage of poly(ADP-ribose) polymerase (PARP), caspase-3  
(data not shown), and the calpain substrate fodrin between 28 
and 38 hours after exposure (Figure 2, E and F).

To assess whether the caspase activation was of functional rel-
evance, we incubated BMECs with living pneumococci (107 CFU/
ml) or PCW (equivalent of 107 CFU/ml) together with the broad-

spectrum caspase inhibitor z-VAD-fmk or the specific caspase-3  
inhibitor z-DEVD-cho (100 μM). Although z-VAD-fmk and  
z-DEVD-fmk prevented PCW-induced apoptosis, both inhibi-
tors failed to suppress pneumococcal-induced (D39) apoptosis of 
BMECs (Figure 2, G and H). These results suggest that pneumo-
cocci and PCW induce PCD by different mechanisms.

Pneumococci but not PCW trigger Ca2+ influx, mitochondrial dam-
age, and release of AIF. Influx of Ca2+ or the release of Ca2+ from 
intracellular sources precedes morphologic changes of brain cell 
apoptosis induced by several agents (30), and overloading of mito-
chondria with Ca2+ induces permeability transition pores (31). 
We therefore evaluated whether living pneumococci or PCW trig-
ger Ca2+ influx. As indicated by staining with Fluo-4, a dye that 
fluoresces upon binding to Ca2+ (32), living pneumococci (D39) 
induced a significant increase in intracellular Ca2+ after stimula-
tion (Figure 3A). In contrast, intracellular Ca2+ did not increase 
after exposure to the mutant deficient in both pneumolysin and 
pyruvate oxidase (plnA–spxB–) (Figure 3A) and PCW (Figure 3B).

We assessed mitochondrial damage triggered by pneumococci 
using a mitochondrion-selective fluorescent dye, uptake of which 
depends on an intact mitochondrial membrane. Mitochondrial 
uptake of this dye was markedly reduced within 4 hours of stim-
ulation with pneumococci and dropped to 50% of control levels 
within 6 hours (Figure 3C), which indicates rapid mitochondrial 
dysfunction. Exposure to the double mutant plnA–spxB– did not 
affect the mitochondrial function within 6 hours (Figure 3C). 

Figure 2
Role of caspases in pneumococcal PCD. Living pneumococci failed to 
activate caspase-3 and caspase-9. Staurosporine (ST) activated both 
caspases (A and C). PCW induced caspase-3 and caspase-8 activ-
ity (B and D; gray bars indicate PCW challenge; white bars indicate 
controls). AMC, 7-amino-4-methyl coumarin). Prot, protein. (E and F) 
According to Western blot analysis, in contrast to living pneumococci, 
staurosporine and PCW caused the cleavage of fodrin after exposure. 
(G) z-VAD-fmk (z-VAD), a broad-spectrum caspase inhibitor, and  
z-DEVD-cho (z-DEVD), a specific caspase-3 inhibitor, did not prevent 
PCD induced by living pneumococci (D39). Black bar: S. pneumoniae 
only. (H) Both inhibitors blocked PCD caused by PCW. Gray bar: PCW 
only. Data are presented as mean ± SD. *P < 0.05 (ANOVA and Stu-
dent-Newman-Keuls test).
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Exposure to PCW, in contrast to wild-type pneumococci (D39), 
resulted in a steady uptake of the dye that slowly declined begin-
ning approximately 30 hours after exposure (Figure 3D).

Given the combination of early mitochondrial damage and lack of 
caspase activation by living pneumococci, we determined whether 
the loss of mitochondrial membrane potential was associated with 
the release of the proapoptotic factor AIF into the cytosol. Immu-
noblotting of mitochondrial and cytosolic fractions revealed the 
release of AIF from the mitochondrial into the cytosolic fraction 
(Figure 4C) 4 hours after incubation of cells with pneumococci.

Differences in DNA fragmentation. DNA fragmentation is a key fea-
ture of PCD. Within 4 hours after challenge, living pneumococci 
induced DNA fragmentation into large fragments of 50 kbp, as 
detected by pulsed-field gel electrophoresis (PFGE) (Figure 4A). 
Both the R6 and D39 strains induced an identical pattern. Exposure 
of BMECs to PCW induced delayed cell death and oligonucleoso-
mal fragmentation of DNA into approximately 180-bp pieces, as 
detected by conventional gel electrophoresis (Figure 4B). The dif-
ferent patterns of DNA fragmentation provide additional evidence 
for 2 different death pathways induced by pneumococci and PCW.

PCD is independent of adhesion. Pneumococcal choline-binding pro-
tein A (CbpA), phosphorylcholine on the PCW, and the PAF recep-
tor on the eurkaryotic cell participate in pneumococcal adhesion to 
host cells (26, 33). Challenge of BMECs with a pneumococcus defi-
cient in CbpA and with wild-type D39 resulted in comparable num-
bers of apoptotic cells (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI23223DS1). 

The same rates of apoptosis were induced by PCW lacking choline 
and therefore the ability to bind to the PAF receptor (Supplemental 
Figure 1). Additionally, purified pneumolysin as well as H2O2 were 
able to induce cell death in BMECs. Taken together, these data are 
consistent with the ability of pneumococci to induce PCD indepen-
dent of adhesion-promoting factors.

Role of TLRs in pneumococcal- and PCW-induced PCD. TLRs are 
major sensors in the innate immune response (34). The inflamma-
tory responses to heat-killed pneumococci, PCW, and pneumolysin 
involve TLRs (35, 36). To test the role of TLRs in PCD, we exposed 
HEK 293 cells stably transfected with human TLR2 (hTLR2) or 
hTLR4 to wild-type pneumococci. Pneumococci (D39) induced PCD 
independent of the presence of TLR4 and TLR2 in a time- (Figure 5, 
A and D) and dose-dependent fashion (data not shown). To confirm 
that the rapid PCD induced by toxins from living bacteria was inde-
pendent of TLRs, we designed an assay to isolate the effects of pneu-
molysin and its interaction with TLR4 by testing spxB–, a mutant 
producing pneumolysin but deficient in H2O2, against TLR4-
transfected cells (Figure 5B) and by testing plnA–spxB–, a mutant 
deficient in both toxins, against TLR4-transfected cells (Figure 5B). 
Apoptosis induced by both strains was independent of the presence 
of TLR4. Additionally, the ability of purified pneumolysin to cause 
PCD was not modified by the presence of TLR4 (Figure 5C). Since 
PCW effects are of clinical importance, but occur in a much lon-

Figure 3
Influence of pneumococci and PCW on Ca2+ influx and the 
mitochondrial membrane potential. (A) Living pneumococci (D39, 
107 CFU/ml) induced an increase of intracellular Ca2+ after exposure, 
which was not observed after exposure to plnA–spxB–. *P < 0.01 
(Student’s t test), wild-type D39 versus plnA–spxB–. (B) In contrast, 
PCW (107 CFU equivalents) had no effect on intracellular Ca2+ levels 
over time. (C) Living pneumococci caused a rapid loss of the selective 
mitochondrial fluorescent dye, which decreased 50% within 6 hours. 
#P < 0.05 (Student’s t test), wild-type D39 vs. spxB–plnA–. (D) PCW 
exposure resulted in a steady uptake of the dye that declined slowly 
over an extended time. All data are presented as mean ± SD.

Figure 4
DNA fragmentation and AIF translocation. (A) Pneumococci induced 
DNA fragmentation into large fragments of 50 kbp starting 4 hours 
after challenge of BMECs. M, marker. (B) In contrast, PCW stimula-
tion was followed by DNA fragmentation into approximately 180-bp 
pieces. (C) Exposure of BMECs to pneumococci (107 CFU/ml) result-
ed in a loss of mitochondrial (MIT) AIF over time and a shift into the 
cytosol (CYT) after 6 hours.
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ger time frame than those of living bacteria, we examined the TLR 
dependence of non–toxin-induced PCD in TLR2-transfected cells. 
We observed an increase of apoptosis in HEK 293 cells transfected 
with hTLR2 after incubation with the toxin-defective pneumococ-
cus (Figure 5D). Our data suggest that while pneumococcus and its 
toxins cause PCD in the absence of TLR4, components other than 
toxins most likely act through TLR2.

PCW is the major inflammatory component of the pneumococ-
cal surface known to interact with TLR2 (35, 37). After incubation 
with PCW, only HEK 293 transfected with hTLR2 developed the 
morphological changes characteristic of classical apoptosis (Figure 
5E). Cells transfected with hTLR4/MD2 or without TLRs did not 
die. The induction of apoptosis was more pronounced in HEK 293 
cells cotransfected with hCD14 (data not shown). These results 
were confirmed with BMECs prepared from TLR2-knockout 
mice. After incubation with PCW, only wild-type BMECs showed 
the morphological changes of classical apoptosis, whereas BMECs 
deficient in TLR2 were protected (Figure 5F). Next we inhibited 
apoptosis induced by PCW with 2 different small interfering RNAs 
(siRNAs). A nonsilencing siRNA was not able to prevent the PCW-
induced apoptosis in BMECs (Figure 5G). These experiments indi-
cate that TLR2 is critical for PCW-associated apoptosis.

Role of TNF-α and FAS. Apoptosis can be initiated by the inter-
action of death receptors and their ligands (38). Since PCW-
induced apoptosis was delayed and involved the activation of 
upstream caspase-8 (Figure 2D), we sought to rule out a recep-
tor-mediated mechanism. Administration of a blocking anti–Fas 
receptor antibody (5 μg/ml) reduced PCW-induced apoptosis 
about 10% but was not able to prevent it (Supplemental Figure 
2). We have shown previously that BMECs release high amounts 
of TNF-α when challenged with PCW (3), but the administra-
tion of a blocking TNF-α antibody led to only a 10% decrease in 
apoptosis (Supplemental Figure 2).

Discussion
Despite the medical importance of endothelial cells in sepsis and 
other invasive bacterial diseases, our understanding of the molecu-
lar interactions of Gram-positive bacteria with such endothelial 
barriers as the BBB is incomplete. Clinically, structural damage 

of the BBB is a key event in meningitis and in sepsis-associated 
encephalopathy. Interaction of bacteria with endothelium of the 
BBB affects invasion of bacteria, recruitment of leukocytes, and 
local disruption of barrier functions. This report reveals the 
impressive ability of S. pneumoniae, clinically one of the most 
important pathogens, to induce 2 morphologically distinct forms 
of PCD in brain-derived endothelial cells. These events contribute 
to both acute and protracted damage during meningitis and are 
distinct from bacterial adhesion and the inflammatory process.

Living pneumococci induce PCD in BMECs beginning within 
hours and ending with total destruction of the monolayer within 
12 hours. This overwhelming process is driven by the major bacte-
rial toxins, H2O2 and pneumolysin, since elimination of both tox-
ins prevented PCD. These findings agree with our previous data 
indicating that the interplay of both toxins induces apoptosis in 
neurons and microglia (17). Pneumococci caused apoptosis-like 
PCD, not classical apoptosis (13). This is supported by a number of 
features. Morphologically, cells experienced shrinkage and conden-
sation but not complete fragmentation of the nucleus. In the con-
text of these studies, the number of necrotic cells was low. Living 
pneumococci failed to activate caspases 1–10, and caspase inhibi-
tors did not prevent PCD — findings supported by previous obser-
vations in neurons and immune cells (10, 18). Rapid mitochondrial 
damage was followed by translocation of mitochondrial AIF into 
the cytoplasm. AIF has been suggested as a potential executor of 
pneumococcal-induced cell death in other cells (18). A role of AIF 
is compatible with the large-scale DNA fragmentation initiated 
by living pneumococci and is consistent with the morphological 
changes of apoptosis-like PCD (14). Initiation of apoptosis-like 

Figure 5
Role of receptors in pneumococcal-induced PCD. (A) Pneumococci 
(D39) induced cell death independent of the presence of TLR4. Pneu-
mococci deficient in H2O2 (spxB–) induced cell death as effectively as 
did wild-type pneumococci (D39; A and B). (B) plnA–spxB– caused sig-
nificantly less PCD that was not changed by the presence of TLR4. (C) 
Additionally, the ability of purified pneumolysin (pln) to cause PCD was 
not modified by the presence of TLR4. (D) HEK 293 cells were killed 
by wild-type pneumococci (D39) independent of the presence of TLR2. 
plnA–spxB– induced significantly more PCD in HEK 293 cells transfected 
with TLR2 after 6 and 9 hours. All data presented as mean ± SD.  
*P < 0.05, Student’s t test. (E) PCW (107 CFU equivalents) induced sig-
nificantly more PCD in HEK 293 cells stably transfected with TLR2 at 24, 
48, and 72 hours. *P < 0.05; Student’s t test. (F) PCW (107 CFU equiva-
lents) caused PCD in wild-type BMECs, whereas PCW did not induce 
PCD in BMECs prepared from TLR2-deficient mice. **P < 0.01; Stu-
dent’s t test. (G) Transfection with 2 different TLR2 siRNAs (1, TLR2-1;  
2, TLR2-2) significantly reduced PCD compared with transfection with 
a nonsilencing RNA at 48 hours. Neg siRNA, nonsilencing control.  
#P < 0.001 (Student’s t test) in immortalized rat BMECs after incubation 
with PCW (107 CFU equivalents).
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PCD did not require adherence of bacteria to the target cell, consis-
tent with the fact that this is achieved by secretion of toxins. Thus, 
adhesion- and invasion-promoting factors of the pneumococcus 
do not participate in PCD. The rapid onset of this process suggests 
a major role in BBB dysfunction during the acute phase of meningi-
tis and would explain why caspase inhibitors show limited efficacy 
in experimental models of acute disease (16).

Upon initiation of antibiotic therapy, dying bacteria release a 
myriad of fragmented cell wall pieces (27). In both animal models 
and in human disease, this has been shown to invoke an intense 
inflammatory response (23, 24, 28). Here we demonstrate for the 
first time to our knowledge that released PCW has the additional 
ability to initiate classical apoptosis. This ability of PCW is sup-
ported by morphology (complete condensation and advanced frag-
mentation of the nucleus) and documented cleavage of caspases. 
Confirming the functional relevance of caspase activation, z-VAD-
fmk and the more specific caspase-3 inhibitor z-DEVD-cho pre-
vented PCW-induced apoptosis. Induction of classical apoptosis by 
PCW appears to occur in a very protracted time frame. Such activity 
would not only perpetuate BBB injury but also significantly disrupt 
endothelial and neuronal repair during resolution of meningitis.

Living pneumococci and the major cytotoxins H202 and pneu-
molysin appear to kill BBB cells independent of the presence of 
TLRs. This is consistent with the ability of pneumococci to induce 
apoptosis in neurons, cells that do not express TLR2 and TLR4 
(39, 40). Although the double mutant plnA–spxB– caused only 30% 
of the apoptosis compared with the H2O2-deficient but pneumo-
lysin-producing mutant spxB–, this difference was not affected by 
the presence of TLR4. TLR4 does not seem to be involved in either 

of the cell death pathways, despite its ability to signal inflamma-
tion in response to pneumolysin (36). This may indicate that the 
cytolytic activity of pneumolysin and the free permeability of cells 
to H2O2 induce PCD without a specific receptor. These data indi-
cate that in the context of infection, bacterial adhesion, inflamma-
tion, and cell death in response to living pneumococci seem to be 
mediated by parallel but independent mechanisms.

In contrast to acute infection with living bacteria, TLR2 comes 
into play initiating PCD in response to PCW, such as in the con-
text of bacterial cell wall debris created after antibiotic treatment. 
This PCW activity is independent of choline recognition by the 
PAF receptor during bacterial invasion (26). The chemically highly 
purified and defined PCW (41) induced cell death only in the pres-
ence of TLR2. The ability of purified PCW to induce apoptosis late 
does not rule out the activity of other surface components such as 
lipoteichoic acid and lipoproteins in TLR2-mediated early events 
(42). Indications for such activity were seen in the TLR2-dependent 
increase of apoptosis in HEK 293 cells exposed to toxin-defective 
living bacteria. Although PCW activated caspase-3 and caspase-8,  
interruption of TNF-α or Fas receptor death pathways did not 
decrease PCD. Thus, PCW induced apoptosis directly through 
TLR2 and not by released soluble mediators.

Pneumococcus is one of the most aggressive invasive pathogens, 
and our evidence indicates that it damages endothelial cells via 2 
functionally and morphologically distinct pathways, apoptosis-
like PCD and classical apoptosis (Figure 6). Although damaged 
BMECs may be removed very quickly (43), we found apoptotic 
endothelial cells in capillaries and the plexus choroideus in mice 
with pneumococcal meningitis. Clinically, the substantial capabil-
ity of pneumococcus to trigger PCD may explain the particularly 
extensive injury to barriers of the body during pneumococcal infec-
tion, e.g., brain edema in meningitis. Cell wall–active antibiotics are 
extremely efficient in killing bacteria but cause a release of cell walls 
and other bacterial components. These components keep inflam-
mation going, fuel tissue destruction in later stages of disease, and 
impede repair. In particular, the concentration of PCW in the CSF 
is directly correlated to a poor outcome of meningitis (29). TLR2, a 
critical receptor in innate immune response, is directly involved in 
cell wall–associated endothelial cell death. The existence of 2 pro-
cesses of PCD induced by pneumococci indicates broader capabili-
ties of bacteria to kill human cells and indicates damage by events 
independent of bacterial invasion or inflammatory responses.

Methods
Cell culture systems. Primary cultures of BMECs were prepared from  
3-week-old Wistar rats and TLR2-deficient and age matched wild-type mice, 
as previously described (3). The TLR2-deficient mice were bred and genotyped 
as described previously (44). Medium was substituted with Ham’s F10 with 
20% FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 
2.5 μg/ml amphotericin B, 0.5 μg/ml vitamin C (Sigma-Aldrich), 8 μg/ml 
endothelial cell growth factor (Roche Diagnostics Corp.), and 80 μg/ml hep-
arin. All cell culture media and supplements were purchased from Biochrom 
unless otherwise noted. The endothelial cells formed confluent monolayers 
after 6–8 days and were subsequently used for the experiments. Of the cells, 
0.05% stained positive for glial fibrillary acidic protein and 1% for OX-42 and 
CD14. Approximately 99% of the cultivated cells stained positive for vWF VIII 
(DakoCytomation). For siRNA transfection experiments, we use immortal-
ized BMECs (RBEC-6) as described previously (45).

Bacterial culture and PCW preparations. S. pneumoniae, (D39 capsular type 2 
and R6, its nonencapsulated derivative [Rockefeller University]), the CbpA-

Figure 6
Dual pathways of pneumococcal-induced PCD. The major pneumo-
coccal toxins H2O2 and pneumolysin result in mitochondrial dam-
age followed by release of AIF, which executes early apoptosis-like 
PCD. In contrast, PCW induced PCD through TLR2 and activation 
of caspases resulting in DNA fragmentation and protracted classical 
apoptosis. Pneumococcus and released PCW have the ability to kill 
eukaryotic cells by 2 distinct mechanisms within different time frames 
and different morphological features.
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deficient mutant cbpA– (33), the pneumolysin-negative mutant plnA– (46), 
the pyruvate oxidase mutant spxB– (47), and a plnA–spxB– double mutant 
(17) were grown in medium containing casein and yeast. Mutant strains 
were grown in the presence of erythromycin (1 μg/ml) and the double 
mutant additionally with chloramphenicol (2 μg/ml). Bacteria were cul-
tured overnight in chemically defined media to approximately 5 × 108 
CFU/ml. Bacteria were pelleted, resuspended in cell culture medium, and 
incubated with BMECs for 1–12 hours. Bacterial multiplication continued 
slowly under these conditions (1 log every 6 hour).

PCW was purified as previously described (23), with minor modifica-
tions. Unencapsulated S. pneumoniae R6 was cultured in chemically defined 
medium, heat-killed, and disintegrated 2 times for 3 minutes with a Bead 
Beater apparatus (Roth) using 0.1-mm beads. The suspension was digested 
with 10 μg/ml DNAse (Promega) and 50 μg/ml RNAse (USB Corp.) for 1 
hour at 37°C followed by treatment with 100 μg/ml trypsin (plus 10mM 
CaCl2; Sigma-Aldrich) for 2 hours at 37°C. The digest was sedimented by 
centrifugation (23,000 g, 20 minutes) and resuspended in 2% SDS (Serva 
Electrophoresis GmbH) at 90°C for 20 minutes followed by 8 cycles of 
washing. The purified cell walls were resuspended in PBS at OD620nm = 1 
(equivalent of 108 CFU) and were stored at –20°C. The composition of the 
cell wall has been described previously (48).

The ethanolamine-containing cell wall (R6EA) was prepared by an identi-
cal procedure, except that choline was replaced by 20 μg/ml ethanolamine 
(Sigma-Aldrich) in the growth medium (49).

Mouse model of pneumococcal meningitis. We used a previously published 
mouse model of pneumococcal meningitis (50). C57BL/6 mice, 15–20 
grams in body weight, were anesthetized with isoflurane, and infection 
was induced by injecting 104 CFU S. pneumoniae D39 in 20 μl PBS (or 
20 μl PBS for controls; n = 3 per group) by lumbar puncture. Mice were 
anesthetized again at 24 hours after infection, and CSF was analyzed to 
confirm bacterial growth. The mice were perfused transcardially with 3% 
paraformaldehyde. The brains were removed, postfixed and embedded in 
paraffin, cut into sections 5 μm in thickness, and Nissl stained. Twenty-
four comparable sections were screened for endothelial cells in the vessel 
wall, revealing nuclear fragmentation as morphological hallmark of PCD. 
Animal experiments were approved by the Landesamt für Arbeitsschutz, 
Gesundheitschutz und technische Sicherheit, Berlin, Germany.

Differentiation of living, apoptotic, and necrotic cell death. Ethidium bromide 
and acridine orange (Sigma-Aldrich) are fluorescent intercalating DNA 
dyes that allow for differentiation of living, apoptotic, and necrotic cells 
(51). Additionally, an in situ cell death TUNEL detection kit was used as 
described by the manufacturer (Roche Diagnostics Corp.). To confirm the 
morphological changes of apoptosis, we performed electron microscopy of 
BMECs after pneumococcal challenge. BMECs were fixed in 2.5% glutar-
aldehyde in 100 mM cacodylate buffer overnight at 4°C, postfixed, dehy-
drated, and embedded as described previously (17).

Fluorometric analysis of caspase activities. Cells were lysed in 10 mM Tris-HCl 
(pH 7.5), 10 mM NaH2PO4/NaHPO4 (pH 7.5), 130 mM NaCl, 1% Triton  
X-100, and 10 mM sodium pyrophosphate for 5 minutes. Twenty micro-
liters lysate was added to 80 μl of reaction buffer (100 mM HEPES, 10% 
sucrose, 10 mM dithiothreitol, and 0.5 mM EDTA; pH 7.5) containing a 
specific fluorogenic caspase substrate (75 μM; Calbiochem). After cells were 
incubated at 37°C for 60 minutes, a microplate reader (CytoFluor; Applied 
Biosystems) was used to measure fluorescence. Standard 7-amino-4-methyl 
coumarin and AFC solutions were used to calculate caspase activity.

Western blotting. BMECs were incubated 2–6 hours with pneumococci or 
for 24–60 hours with PCW. Cells were pelleted by centrifugation (153 g,  
5 minutes, at 4°C), and pellets were lysed on ice in RIPA buffer (50 mM Tris, 
150 mM NaCl, 1% Triton X-100, 0.1% SDS, and 1% sodium deoxycholate) 
with 10 mg/ml protease inhibitor mixture (Sigma-Aldrich). The protein 

extracts were boiled for 5 minutes, separated by SDS-PAGE, and transferred 
to a polyvinylidene fluoride membrane. After the blots were blocked in 
Tris-buffered saline with 0.1% Tween and 5% nonfat milk, they were incu-
bated with primary antibodies overnight at 4°C. We used the following 
antibodies: anti-fodrin (1:500) and anti-AIF (1:500; Santa Cruz Biotechnol-
ogy Inc.). After being rinsed, the blots were incubated with a HRP-conju-
gated secondary antibody (1:5,000) and were developed by use of the ECL 
kit (Amersham Biosciences). For AIF localization studies, mitochondrial 
and cytosolic fractions were prepared as previously described (52).

Measurement of intracellular calcium. Increases in intracellular Ca2+ levels 
were monitored by Fluo-4. After incubation with pneumococci or PCW, 
BMECs were incubated with Fluo-4 (Invitrogen Corp.; 10 μM, for 45 min-
utes) and intracellular Ca2+ levels were determined by fluorescence. Fluo-4  
was measured with a multiwell fluorescence plate reader (excitation 485 
nm, emission 520 nm).

Estimation of mitochondrial membrane potential. Tetramethylrhodamine 
ethyl ester (TMRE) is a cationic, lipophilic dye that accumulates in the 
negatively charged mitochondrial matrix according to the Nernst equa-
tion potential. A TMRE (Invitrogen Corp.) stock was prepared at a concen-
tration of 10 mg/ml in DMSO and stored at –20°C. Working stocks of 1 
mg/ml were made up fresh in distilled water. For estimation of membrane 
potential (∆Ψm), cells were incubated with 100 nM TMRE for 30 minutes 
at room temperature in cell culture medium at the end of the experiment. 
Cells were then washed 3 times with PBS, and a microplate reader was used 
to measure TMRE fluorescence (excitation 549 nm, emission 574 nm).

Pulsed field gel electrophoresis and internucleosomal DNA fragmentation. PFGE 
was performed as described previously (53). In brief, DNA was prepared 
from agarose plugs (1 × 106 cells), digested twice with proteinase K (1 mg/
ml; 50°C; 36 hours) in NDS buffer (0.5 M EDTA, 10 mg/ml lauroyl sar-
cosine), and washed in 0.5× tris-boric acid–EDTA buffer, and this was fol-
lowed by electrophoresis in a Bio-Rad CHEF-DR II (Bio-Rad Laboratories; 
1% agarose; 0.5× TBE; 190 V; 24 hours; pulse wave 60 seconds; 120° angle). 
Molecular weight standards (λ Ladder PFG Marker and Low Range PFG 
Marker) were from New England Biolabs.

Agarose gel electrophoresis of internucleosomal DNA fragmentation, follow-
ing exposure of BMECs to pneumococci or PCW, was performed as described 
previously (54). We isolated DNA from BMECs (106) using a genomic DNA 
isolation kit (Invitrogen Corp.) according to the manufacturer’s instructions.

Transfection and stimulation of HEK293 cells. HEK 293 cells stably transfected 
with hTLR2 and hTLR4 together with hMD2 or an empty control vec-
tor (pcDNA3.1; kindly provided by E. Latz, University of Massachusetts 
Medical Center, Worcester, Massachusetts, USA) (55) were maintained in 
DMEM with 10% FCS and 0.5 mg/ml G418 (Sigma-Aldrich). Depending 
on the experiment, we additionally transfected these cells with hCD14 
(50 ng) and/or β-galactosidase (0.1 μg) and the ELAM NF-κB luciferase 
reporter plasmid (0.25 μg; all plasmids were a kind gift of C.J. Kirschning, 
Munich, Germany) employing 2 μl/well Lipofectamine transfection 
reagent (Invitrogen Corp.). As a control, the latter were challenged with 
ultrapure E. coli LPS (strain O111:B4; 100 ng/ml; InvivoGen, Cayla SAS 
Belgium) Pam3Cys lipopeptide (100 ng/ml; EMC Microcollections GmbH) 
or PCW (107 CFU equivalents) in DMEM without FCS.

siRNA transfection of BMECs. RNA interference of TLR2 was performed using 
21-bp (including a 2-deoxynucleotide overhang) siRNA duplexes (QIAGEN). 
The coding strands for TLR2 siRNA were CGAAGUCUACAGUCAAU-
UAdTdT (TLR2-1) and GCAAGAUAAUGAACACUAA-dTdT (TLR2-2).  
A nonsilencing siRNA, 3′ fluorescein–labeled (QIAGEN), was used as 
a negative control. For transfection, immortalized BMECs (RBEC-6)  
(45) were seeded in 96-well plates and transfected at 80% confluency with 
siRNA duplexes (15 pmol/well) using Lipofectamine 2000 (Invitrogen 
Corp.) according to the manufacturer’s recommendations. Assays were 
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performed 24 and 48 hours after transfection. Downregulation of TLR2 
mRNA was confirmed by RT-PCR followed by real-time PCR.

Cell stimulation protocol and statistical analysis. On the day of the experiment, 
BMEC media were replaced by 400 μl/well of serum-free media (Invitrogen 
Corp.). For stimulation, 20 μl (correlating to 107 CFU equivalents) of PCW 
suspension or encapsulated S. pneumoniae (D39) were added unless other-
wise noted. Pneumolysin (1 μg/ml), purified as previously described (17), 
and H2O2 (2 mM; Merck KG) were used in previously described concentra-
tions (18). For caspase inhibition experiments, 100 μM z-VAD-fmk or 100 
μM z-DEVD-cho (Calbiochem) were added 1 hour prior to PCW or living 
pneumococci. For inhibition experiments, 2 μl of a neutralizing polyclonal 
anti–TNF-α antibody (3), anti-Fas antibody (5 μg/ml; Kamiya Biomedical 
Co.), or anti–PAF receptor antibody (5 μM; Biomol International LP) were 
administered 1 hour prior to stimulation with PCW.

The figures show representative experiments from 3 to 4 independent 
experiments, each using triplicate or quadruplicate wells. For descriptive 
statistics, data are expressed as mean ± SD. Statistical analysis was per-
formed with SigmaStat version 2.03 (SPSS Inc.). The tests used are stated 
in the figure legends.
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